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 HIGH TEMPERATURE VOLATILITY AND OXIDATION 
MEASUREMENTS OF TITANIUM AND SILICON CONTAINING 
CERAMIC MATERIALS 
 
QUYNHGIAO N. NGUYEN 
 
ABSTRACT 
Titanium (Ti) containing materials are of high interest to the aerospace 
industry due to its high temperature capability, strength, and light weight.  
As with most metals an exterior oxide layer naturally exists in environments 
that contain oxygen (i.e. air).  At high temperatures, water vapor plays a key 
role in the volatility of materials including oxide surfaces.  This study first 
evaluates several hot-pressed Ti-containing compositions at high 
temperatures as a function of oxidation resistance.  This study will also 
evaluate cold pressed titanium dioxide (TiO2) powder pellets at a 
temperature range of 1400°C - 1200°C in water containing environments to 
determine the volatile hydoxyl species using the transpiration method.  The 
water content ranged from 0-76 mole % and the oxygen content range was 
0-100 mole % during the 20-250 hour exposure times.  Preliminary results 
indicate that oxygen is not a key contributor at these temperatures and the 
following reaction is the primary volatile equation at all three temperatures:   
TiO2 (s) + H2O (g) = TiO(OH)2 (g). 
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New development in gas turbine engines require increased efficiency 
therefore, reducing fuel consumption.  This will require higher temperature 
capability and lighter materials.  It is generally agreed that propulsion 
engines have reached their temperature capability with metallic materials.  
Engine technology research has shifted towards silicon-based (Si-based) 
ceramic materials due to their high temperature capability, light weight, and 
excellent oxidation resistance in clean, dry oxygen by forming a dense slow 
growing silica (SiO2) oxide scale1.  However, this protective oxide has been 
known to be attacked in water vapor environments.   
This first part of this research study suggests employing a two phase 
ceramic matrix composite containing titanium carbide (TiC) which is 
 1
 suspected to form water resistant oxides at a faster rate than the second 
phase.  The second phase to study is silicon carbide (SiC) due to its dense 
protective oxide scale.  This proposal suggests that if the outer titanium 
dioxide (TiO2) scale is formed prior to the SiO2 inner scale, then the two can 
work in tandem as a water vapor and oxygen resistant system.   
Two phase ceramic matrix composites containing 50v/o SiC-TiC have 
been hot pressed.  These compositions were then evaluated in an ambient air 
box furnace at temperatures of 1000°, 1100°, 1200°, and 1300°C for 100 
hours.  These compositions have also been tested in the High Pressure 
Burner Rig (HPBR) at temperatures of 1000° and 1300°C.  Preliminary 
results using weight change data, x-ray diffraction (XRD), scanning electron 
microscopy (SEM), and energy dispersive spectroscopy (EDS) indicate high 
oxide growth.  The outer oxide scale consists of TiO2 followed by an 
intermixed area of TiO2 and SiO2.   
The second half of the research study focused on the volatility of TiO2 
and its stability at a temperature range of 1400-1200°C.   This section was 
divided into two parts.  The first preliminary part evaluated TiO2 in a high 
(95%) water vapor environment to determine whether or not it is a stable 
molecule at 1500°C.  This involved the use of a modified horizontal furnace.  
It was determined through this preliminary study that TiO2 does react with 
 2
 water vapor to form a volatile species, therefore; a comprehensive study was 
conducted in the temperature range of interest (1400° – 1200°C) to 
determine this volatile species.  The analytical technique of choice to 
measure this volatile species is the transpiration method along with 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) to 
quantify the reaction.    
 
1.2  History of Ceramics 
High temperature materials such as ceramics are attractive for 
aerospace applications due to their high temperature capabilities and light 
weight.  As stated by Kingery2, ceramics are brittle and fracture with little or 
no deformation.  This behavior stands in contrast to metals, which yield and 
deform.  Due to these distinct characteristics, ceramics can not be 
manufactured by normal deformation processes used for metals. 
 Kingery also continues to state that jet aircraft historically have used 
metal parts, but in wartime when metal became unobtainable, a protective 
ceramic coating was applied and the temperature limit was increased.  This 
enabled either higher temperature use or less expensive and less critical 
alloys to be substituted.  Ceramics can be fabricated by a variety of methods.  
The main fabrication method as described by Rahaman3 can be broken down 
 3
 into three groups.  The first is gas-phase reactions.  The most important 
method in this group is the chemical vapor deposition (CVD) method, where 
the material is formed by chemical reaction between gaseous species.  CVD 
has been used for the production of thin films, thick films and monolithic 
bodies.  For example, the reaction between SiCl4(g) and CH4(g) yields 
SiC(s).  The second group is a liquid precursor method, which involves a 
solution of metal compounds that is converted to a solid body.  Processes 
that follow this group are referred to as sol-gel and polymer pyrolysis.  Sol-
gel involves a solution of metal compounds or a suspension of very fine 
particles in a liquid that is converted into a semi-rigid mass (the gel) and is 
then dried.  The third group entitled fabrication from powders is employed in 
producing the materials for this study.  This method involves producing the 
desired shape by joining finely divided solid (i.e. powders) with the use of 
heat.  The two most common methods in this group is melt casting and firing 
of compacted powders (i.e. sintering and hot pressing).  Melt casting 
involves melting powdered raw materials, followed by cooling and forming 
to produce a solid finished body.  Hot pressing is a common practice to form 
polycrystalline ceramics and is by far the most widely used method.  This 
method involves the consolidation of loose powders into a shaped powder 
which is then fired under pressure to produce a dense body.  Cold pressing is 
 4
 a similar process in which pressure is used to bind the powders into a 
molded shape without the use of heat.   
   
1.3 Aerospace Requirements 
Due to its high temperature and oxidation resistance, silicon carbide is 
one of the prominent proposed ceramics for engine components.  Silicon 
carbide forms a protective outer oxide scale called silica (SiO2) in an oxygen 
environment.  This scale growth follows a parabolic curve; which with time, 
protects the silicon carbide from reacting further with the oxygen.  However, 
Opila4 published that silicon carbide has been linked to degradation in a 
combustion environment due to water vapor attack on the protective oxide 
scale that is formed at high temperatures (>1000°C).   
 
1.4 Areas of Interest 
The aerospace industry in the past decade has been devoted to finding 
a solution to counteract this environmental attack on the protective oxide.  
Currently plasma sprayed coatings are being extensively studied for their 
potential use in the aerospace industry as environmental barrier coatings 
(EBCs).     
 5
 No perfect solution exists today, however multi-million dollar efforts 
are associated with applying plasma sprayed coatings on the silicon carbide 
substrates.  Several layers of coatings need to be applied to address the 
various issues due to adhesion, compatibility (thermal expansion and 
chemical), and environmental attack. 
 
1.5 Background and literature search 
 CVD SiC has been proposed as both a matrix material and coating for 
ceramic-matrix composites (CMCs) as described by Opila5.  During the 
combustion process, substantial amounts of water vapor are produced from 
burning hydrocarbon fuels in air.  According to Opila5, 5% to 10% of the 
combustion gas is water vapor.  The following three reactions (equation 1-3) 
listed below have been described by Opila5 as the major type of products 
that occurs during the oxidation of SiC at temperatures above 1000°C.  
Figure 1 illustrates these reactions.  Silica (SiO2) is the solid oxide that is 
formed during these reactions.  Figure 1(a) is a representation of SiC in an 
oxygen environment in which a continuous protective SiO2 scale is formed.  
This protective layer formed over time results in a parabolic curve.  Equation 
4 represents the reaction of the oxidation product (SiO2) with that of water 
vapor.  This detrimental consumption of the protective silica scale results in 
 6
 an overall net weight loss and is modeled in by a paralinear curve as shown 
in Figure 1(b).  Therefore, SiC must not be directly exposed to water vapor 
at temperatures above 1000°C. 
 
SiC(s)     +     23 O2(g)     =     SiO2(s)     +     CO(g)         (1)            
SiC(s)     +     3H2O(g)    =     SiO2(s)     +     CO(g)     +     3H2(g) (2) 
SiC(s)     +     3CO2(g)    =     SiO2(s)     +     4CO(g)     (3)   
SiO2(s)    +     2H2O(g)    =     Si(OH)4(g)            (4) 
 
According to Lee6, plasma sprayed external environmental barrier 
coatings (EBCs) are the most promising approach to date that counter the 
volatilization of Si-based ceramic from water vapor attack.  Lee lists several 
key issues that must be considered in selecting coating materials.  The 
coating must demonstrate resistance to aggressive environmental reactions 
as well as possess low oxygen permeability to limit the transport of oxygen.  
Secondly, the coating must possess a coefficient of thermal expansion (CTE) 
close to that of the substrate material to prevent delamination or cracking 
due to CTE mis-match stress.  Third, the coating must maintain a stable 
phase under thermal exposure.  Phase transformation typically accompanies 
a volumetric change, disrupting the integrity of the coating.  And finally, the 
 7
  8
coating must be chemically compatible with the substrate to avoid 
detrimental chemical interaction. This expensive and time consuming 
process requires intensive powder processing techniques in order to prepare 
the coating powders to be plasma sprayed.  It also requires difficult spraying 
configurations that are needed for various engine components and some 
process may require a heated substrate due to adhesion compatibility.  
Figure 2 shows a scanning electron microscope (SEM) cross-section image 
of a typical EBC with three different coating layers on top of a CMC 
substrate.  Each coating layer is needed in order to provide a complete 
system to work together to perform as an EBC.  Coating 1 is called a bond 
coat, this layer aids in the adherence of subsequent layers.  Coating 2 is a 
mixture that is used for chemical compatibility, crack resistance and some 
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Figure 1.   Model illustration and curves of silicon carbide (SiC) at temperatures greater than 1000°C:  (a) SiC oxidized in 
an oxygen environment follows equation (1) forming silica (SiO2) over time.  (b) SiC oxidized in a water vapor 
environment will follow two reactions; first the SiC will react to form SiO2 via reaction equation (2), then the water vapor 











































 1.6  Aims 
This study proposes an alternative to coatings technology by starting 
with the original matrix.  If a matrix can be designed to self-heal during 
operation, this would be a huge cost savings benefit in terms of spraying 
complicated structures, man hours in plasma spraying individual 
components, complex powder inventory for the multiple layers of coatings; 
powder processing and substrate sample preparation for plasma spraying.  
The proposed self-healing environmental barrier coatings study would 
include silicon carbide in the matrix along with other ceramic materials 
known to form oxide scales resistant to water vapor attacks.  One proposed 
ceramic is titanium carbide (MP = 3140°C)7 due to its compatibility with 
silicon carbide (MP = 2700°C)7, high melting temperature of its oxide, and 
stability of TiO2 (MP = 1840°C rutile)7 with SiO2 (MP = 1723°C 
cristobalite)7.  As can be seen in figure 3, published by Kingery2, the 
diffusion coefficient of oxygen in TiO2 is higher than that for SiO2 at 
temperatures above 930°C.  This is a direct indication that oxygen will 
diffuse at a faster rate through the TiO2 scale rather than through SiO2 with 
increasing temperatures, resulting in a TiO2 outer-most scale.  Figure 4 is the 
Ellingham diagram of free energies of formation, published by Gaskell8.  
The Ellingham diagram, plots the Gibbs free energy change (ΔG) for the 
 10
  11
oxidation reaction versus the temperature.  In the temperature ranges 
commonly used, the metal and the oxide are in a condensed state (solid) with 
the oxygen gas, the ΔG of the oxidation always becomes more negative with 
higher temperature, and thus the reaction becomes more probable 
statistically.  In other words, the Ellingham diagram in Figure 4 shows that 
SiO2 is not as stable as TiO2 per mole of oxygen over the temperature range 
of 0° - 1700°C, thus the probability of TiO2(s) formation as the outer most 
scale is more likely.  The phase diagram9 in figure 5 for the Si-Ti-O system 
indicates that there are no known mixed oxides formed for SiO2 and TiO2; 
therefore, there are no possibilities of low-melting oxides forming during 
high temperature exposures.  Another advantage is that there would be no 
concern of forming a mixed oxide scale that would be susceptible to water 
vapor attack because of its SiO2 content. 
The alternative solution that this proposal suggests is to develop a two 
phase matrix composite that upon heating will form a protective coating that 
will aid in the oxidation process as well as protect the material from harsh 
environmental attacks.  This substrate will also have the ability to self-heal 

























coating 2 (mixture) 
coating 1 
Figure 2.  Representative SEM image of a plasma-sprayed EBC cross-section.  This EBC has three different 
coating layers on top of a CMC substrate.  Coating 1 is Si, coating 2 is CMAS + mullite, coating 3 is a water 
resistant material.  (courtesy of K.N. Lee)
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 Also previously mentioned, TiO2 has a higher oxygen diffusion 
coefficient.  Thus when these two materials are incorporated into a matrix, 
the tendency for TiO2 formation would be faster than that for SiO2.  This 
proposal suggests that the exterior layer of the matrix will form TiO2 first, 
which is not as reactive to water vapor thus protecting the SiO2 inner oxide 
layer and allowing the latter to still serve as an oxidation resistant barrier.  
Of course proper ratios of SiC and TiC must be evaluated in order to find the 
desirable composition that will allow this formation to proceed.  Also, the 
goal is to form a continuous dense layer of TiO2 so that it can protect from 





















 Compositions of SiC-TiC (50v/o) samples were hot pressed.  The hot 
pressing parameters were 5 ksi at 1800°C for one hour in argon gas. 
Box furnace oxidation have been completed for these samples at 
temperatures of 1000°, 1100°, 1200°, and 1300°C.  The results for the 50v/o 
SiC-TiC composition can be found in figure 6.  The ideal oxidation rate for 
this study would be less than 2mg/cm2 after 100 hours (CVD SiC at 1400°C 
is 0.35mg/cm2)1.  However, the 50v/o SiC oxide growth at all four 
temperatures was more rapid than the desired growth rate for this study.  The 
maximum test temperature was 1300°C resulted in a 56 mg/cm2 weight gain 
after a 100 hour exposure.  The lowest test temperature was 1000°C resulted 
in a 10 mg/cm2 weight increase.  The rate of oxide growth increased with 
each successive temperature range of 100 degrees by about 10 mg/cm2 for 
 14
 every 100 hours.  However, at 1300°C, the rate doubled that of the previous 
1200°C.  These rates are all excessive and indicate that TiO2 growth has not 
been curtailed by an inner layer of SiO2 for these samples. 
HPBR oxidation (contains combustion water) for 50v/o SiC 
composition have been evaluated at temperatures of 1000° and 1300°C.  
Figure 7 shows a SEM image of a post HPBR sample exposed for 60 hours.  
The outer scale is TiO2, followed by an immediate subscale of TiO2 with 
SiO2 dispersed in minor phase.  For the 1300°C exposure, only 7.5 hours 
was evaluated before the sample was lost downstream.  A dense outer layer 
of TiO2 was found post HPBR testing as can be seen in figure 8.  The 
oxidation growth rate of TiO2 was extremely rapid due to the high content of 
TiC, thus not allowing an inner layer of SiO2 to form as was seen in the 
previously mentioned box furnace tests.  Another consideration worth noting 
is the evaluation of the unoxidized cores.  These materials and other 
(unaffected core) oxidized samples indicates that the porosity was significant 
which may have aided in the oxygen and water vapor transport into the 











PROPOSED RESEARCH AND EXPERIMENT 
 
The proposed research study would begin with fabricating new 
sample material that utilized different hot pressing parameters.  These hot 
press material will vary in SiC-TiC compositions to find the proper ratios.  
The proposed plan will start with these suggested ratios for SiC-TiC 
compositions:  50, 75, and 90v/o SiC.  The hot pressing parameters will be 
increased from 5 ksi to 10 ksi  and a temperature increase to 2000°C for one 
hour in vacuum.  Section 3.1 details the testing parameters and evaluation of 
these materials. 
The second part of this study will encompass an initial modified water 
transpiration experiment using TiO2 powder to initially screen for water 
vapor interaction at high temperatures.   
 16
 The last portion of this study will be devoted to identifying the 
volatile species at elevated temperatures through the transpiration method. 
 
 
3.1 Oxidation of Ti-containing composites and results 
A CM Rapid Temp box furnace (Bloomfield, N.J. model # 830191) 
was utilized to evaluate the thermal durability of these compositions in 
ambient air.  The proposed test temperatures are 1000, 1100, 1200, and 
1300°C.  Weight change will be monitored with respect to time. 
Burner rig testing allowed these compositions to be evaluated in an 
actual combustion environment which will include combustion by products 
such as water and other by products along with velocity and pressure.  The 
test temperatures designated for this test are 1000 and 1330°C.  Weight 
change will be monitored with respect to time. 
Characterization of unoxidized and oxidized material will include X-
ray diffraction (XRD) to determine the type of oxide scale that was obtained 
post thermal testing; SEM allows for an in depth look at the microstructure 
of the materials and evaluate grain growth, cracking, and surface 
morphologies; and energy dispersive spectroscopy (EDS) will confirm the 
 17
 surface oxide results obtained from XRD and allow for characterization of 
the elemental phases found in the microstructure in the SEM.  
As can be seen in Figures 7 and 8, the SiC-TiC cores’ microstructures 
have significant porosity issues that could not be addressed within the scope 
of this study.  Subsequently, no new compositions of hot pressed SiC-TiC 
were fabricated for further testing and the project shifted gears to the next 
oxidation study of water vapor screening. 
Since water vapor has historically contributed to the volatility of 
oxides as mentioned in the previous section and has been shown that it does 
react with SiO2; it is imperative that TiO2(s) be evaluated under similar 
conditions.  Since there have been few studies found in the literature for 
volatile (Ti-O-H) studies of TiO2(s), an immediate confirmation of any 











Figure 3.  Chart of diffusion coefficient in some common ceramics with 
respect to temperature2.   




Figure 4: The Ellingham diagram for metallurgically important oxides8.  
This diagram supports the likelihood of TiO2(s) as the more probable outer 
most scale formed. 






Figure 5.  Phase diagram system for SiO2-TiO28.   
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 3.2. Modified horizontal furnace 
 A horizontal CM Rapid Temp Furnace (model # 920378) was 
modified, as shown in Figure 9, to determine qualitatively any reaction of 
TiO2(s) with water vapor.  This modified furnace was employed to 
accommodate the maximum furnace temperature, 1500°C, and maximum 
water vapor flow of approximately 95% by volume.  The balance of 
approximately 5% O2 by volume was chosen as a carrier gas.  The following 
section describes the calculations involved in determining the flow rate of 
the experiment.  
 
The quartz furnace tube cross-sectional area calculation was obtained by the 
following equation.  
4
2dπ       (5) 
where π  = 3.1416, and d = internal diameter (3.750 cm) 
Therefore, the cross-sectional area = 11.0447 cm2 
 
Since the desired test conditions was approximately 95% H2O + 5% O2 (by 
volume), for ease in simplifying the calculation, the value of 97.6 mL/h 
rather than 95 mL/h was used.  The total gas flow rate as shown in equation 
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 (7) was calculated by first converting gas molecules of water to liquid by the 




mL =÷                   (6) 
where 44.37 is the conversion factor for H2O (g)      H2O (l) 
 
     2200 ccm H2O + 300 ccm O2 = 2500 ccm total gas flow      (7) 
 
Once the above total gas flow was established, the cross-section needed to 















ccm =×=×        (8) 
 
 
3.2.1 Experimental set-up: 
A 96.20 cm quartz furnace tube with an i.d. of 3.75 cm was placed 
inside a mullite furnace tube to support the fused quartz from sagging at high 
temperature.  This fused quartz tube was placed on a slight angle in order to 
prevent a pool of water from collecting downstream in the cooler region.  
Water vapor and the carrier oxygen gas were introduced at one end into the 
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 furnace along with a type B thermocouple that measured the sample 
temperature.  A quartz wool plug was placed at this end of the furnace so 
that the water would have ample time to convert to gas form prior to reacting 
with the sample.  A 5.1 cm piece of fused quartz was used as the sample 
holder for Acros Organics, 99.999% pure titanium (IV) oxide, 
predominately rutile, with a molecular weight of 79.9 g/mole and was 
purchased from Fisher Scientific.  This sample holder was placed in the 
center of the 10.2 cm hot zone.  A fused quartz ampoule, used as a 
deposition surface, was placed downstream from the hot zone with 
temperatures ranging from 1300°C at the closest point to the sample to less 
than 300°C in a span of 6 inches as it moves away from the hot zone.  
Figures 9(a and b) show the post run fused quartz ampoule and furnace 
tubes.  The fused quartz ampoule was positioned exactly inside the quartz 
furnace tube as outlined in Figure 9(a).  
 
3.2.2 Analytical lab analysis: 
An analytical method was developed to quantitatively measure the 
amount of Ti (µg) that converted from solid (TiO2) to a volatile species (Ti-
O-H) and condensed as a solid or remained in solution (extracted from 
exhaust water).  Since TiO2 (s) is not soluble in water at room temperature,   
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 a comprehensive protocol was developed to address the quantitative 
extraction and measurement of Ti.  This procedure is outlined in the 
following section and employs the use of ICP-AES.  The transpiration 
method is extremely dependent on the analytical measurement of the Ti 
precipitation, in order to quantify and thus lead to the identification of any 
volatile species occurring at high temperature as will be explained in the 
next section.  It is imperative to state at this time that these measurements 
require a great deal of time commitment not only from a quantitative 
analytical method but also in experimentation as well due to the minute 
amount of deposits collected.  This required a great deal of lab coordination 
and a cohesive working relationship with all parties involved. 
 
3.2.3 Preliminary Results: 
After 24 hours, the fused quartz ampoule surface had a slight hazed 
appearance.  At 72 hours, there appeared to be visual deposits on the surface 
of the ampoule.  The thermocouple failed sometime after 72 hours and 
before 125 hours resulting in an automatic shut down of the furnace.  Once 
the furnace started to shut down, the thermal expansion rate between the 
fused quartz and mullite furnace tubes differed enough to initiate a crack in 
the tubes allowing the water vapor (and eventually water upon cooling) to 
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leak through these cracks rather than be collected in the exhaust.  Since the 
flow rate was pre-established at 98 mL/hr and 7,300 mL exhaust water was 
collected, an approximate estimate of the test length at temperature (1500°C) 
is approximately 75 hours.  It was found that the exhaust water alone 
contained 0.007µg/mL of Ti (measured by ICP-AES), resulting in an 
estimated 51 total micrograms of Ti.  This was confirmation that there is 
indeed a reaction between TiO2(s) and H2O(g), thus leading to the reaction 
and deposition of Ti in the exhaust water.  The fused quartz ampoule for the 
most part stayed intact with the exception of a missing piece at the very tip 
as is shown in Figure 9.  Clear indication that a Ti-O-H volatile species 
exists at 1500°C was proven through the quantitative measurement (ICP-
AES) of Ti in the collected exhaust water.  The finding of Ti through the use 
of wavelength dispersive x-ray fluorescence (WDXRF) on the exterior 
surface of the fused quartz ampoule and the interior surface of furnace tube 
also confirmed the suspicion that TiO2(s) does indeed react with water vapor 
at 1500°C.  The next section will undertake a comprehensive study with the 
use of the transpiration method, which will determine the volatile species 
and temperature dependencies of TiO2(s) and water vapor at high 
temperatures. 
                   
                  
                  
                  
                  
                  
                  
                  
                  
                  















Figure 9.  Schematic of the modified horizontal furnace used to determine potential TiO2(s) interaction with 





Figure 10(a).  Photograph of fused quartz tube post-modified horizontal furnace exposure.  The dotted lines indicate the 
position of the fused quartz ampoule (collection tube) during the test. 
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The transpiration method, also called the transportation or entrainment 
method, as described by Margrave11, is one of the oldest and most versatile 
ways of studying heterogeneous equilibria involving gases.  This method 
allows for the measurement of the vapor or dissociation pressures of 
components in the sample by collecting a known gas that is passed over a 
sample at low enough rates for equilibrium to be established.    The collected 
reaction gas condensate (µg) is analyzed to determine the vapor or 
dissociation pressures.  The proposed reaction for TiO2(s) in water vapor 
follows below in reaction (9). 
 





The H2O(g) and O2(g) coefficient can be determined.  By independently 
varying the pressure and gases, as shown in figure 11., the identity of 
volatile species can be identified.  Once the coefficients of x and y are 
determined as shown in figure 11 and reaction (9), the partial pressure of the 
volatile species, Ti-O-H can be calculated in the ideal gas law in equation 
(10).  Temperature dependence under different conditions allow for the 
enthalpy of reaction measurement.   
 
                (10) i RTnVP TgasHOTi ⋅=−− 
           
where P = the partial pressure of Ti-O-H (atm); V = total flow rate in the transpiration 
cell (mole/mL); n = moles of Ti transported (measured by ICP-AES); R = ideal gas 





























Figure 11.  Model curve of the anticipated data from transpiration measurements 
og P 2 or 2O  H O 
constant O2 or H2O
x or y
log PO2 or P 2O 
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4.1 Experimental set-up 
 
A series of 51 experiments were conducted at a temperature range of 
1400° to 1200°C in the transpiration furnace.  The test furnace temperature 
was monitored with a Type-R thermocouple.  Test lengths varied from 20 to 
250 hours.  All experiments were conducted at ambient pressure.  The 
transpiration cell pressure was recorded with a capacitance monitor.  This 
capacitance monitor was verified by a separate barometric standard12.  The  
transpiration cell flow rate ranged from 12.5 – 29 mL/sec.  The argon and 
oxygen flow rates were 0-300 ccm.  The known amount of gases (O2 and Ar) 
and water were converted to moles and applied to equation (11a & 11b).  
After each experiment, the Ti-condensate was measured in micrograms (µg) 
and then converted to number of moles as shown in calculation (12).   
For the conversion of gas flow rates to moles of gas, according to the ideal 









































where n = moles of Ar(g) or O2(g) per second; P = total pressure measured by 
capacitance manometer (atm); V = volume (mL/min); R = ideal gas constant 
































2                       (11b) 





The calculation for the measured amount of Ti (µg) in moles follows: 
sec











× μμ          (12) 
where 47.9 g/moles is the molecular weight of titanium (Ti) 
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 And finally, the overall flow rate (V, mL/sec) of transpiration cell (which 















   (13) 
where V = overall flow rate (mL/sec); T = temperature (K); Ptotal = total pressure (atm); R 








Acros Organics, 99.999% pure titanium (IV) oxide, predominately 
rutile, with a molecular weight of 79.9g/mole was purchased from Fisher 
Scientific.   A Carver press was used to cold press the high purity TiO2(s) 
powder in a ¼” o.d. stainless steel die to a pressure of 2000 psig.  These 
pellets were dried overnight in a 100°C drying oven and were sintered at 
1200°C for 24 hours.  The TiO2 pellets were weighed and their density was 





 4.3 Furnace set-up 
A modified furnace from Applied Test Systems, Inc. with 
molydisilicide heating elements shown in figure 12 was used for the water 
transpiration set-up. This same furnace was originally employed by 
Jacobson16 et al to study the Si-O-H volatility system.  An alumina furnace 
tube with a purity of 99.8% was used.  Deionized water was introduced 
through the bottom of the furnace via a Rainin Dynamax® peristaltic pump. 
The gas lines employed a Tylan RO-28 flowmeter, were introduced through 
the bottom of the furnace tube and were piped directly into the transpiration 
cell, thus preventing it from interacting with the furnace materials.  
Calibration gas flow rates are shown in Figure 12 and the measured data 
points in Table 1.  Whenever the furnace was above room temperature, the 
Ar gas line that runs through the transpiration cell was always flowing at 
least 90 ccm to keep the chamber and lines from oxidizing.  A typical 
representation of H2O(l) flow calibration can be seen in Figure 14.  The gas 
lines and water line had heating tape (260°C) wrapped around it in order to 
heat these gases prior to the introduction into the furnace can be seen in 
Figure 15.  The gas stream traveled through this sealed transpiration cell 
system up stream and into the reaction chamber located in the hot zone of 
the furnace and exited through a series of fused quartz (99.995% purity) 
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 collection tubes and exited through the top of the furnace.  These fused 
quartz collection tubes were purchased from Quartz Scientific, Inc., Fairport 
Harbor, OH.  There were a series of three fused quartz collection tubes held 
together by polyfluoroethylene fittings (Swagelok® purchased from Abbott 
Valve & Fittings Co., Solon, OH) used for each experiment.  The first 
collection tube as mentioned above was located at the exit of the 
transpiration cell in the center of the furnace.  This collection tube will be 
referred to as the main straight collection tube where the primary condensate 
was collected.  The end that sat in the hot zone of the furnace had an internal 
beveled edge that snuggly fit over the transpiration cell exited, thus allowing 
for a tight seal and maintaining pressure as the gases exit.  Figure 16(a) 
shows the platinum/rhodium 20% (by weight) (Pt/Rh) transpiration cell with 
a quarter in the background used as a reference scale.  Figure 16(b) is a view 
from the top of the furnace tube looking down.  This was where the 
alignment of the straight fused quartz collection tube over the tip of the 
transpiration cell [as shown by an arrow in Figure 16(b)] was crucial to the 
overall flow.  This straight collection tube was replaced after each 
experiment due to the detrimental damage that occurs during the high 
temperature exposures and devitrification process.  The second fused quartz 
collection tube was a bent one located at the top of the furnace tube.  This 
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second fused quartz collection tube was wrapped with heating tape in order 
for the water vapor to continue to remain in vapor form for another 20cm to 
reach the third collection tube that was at room temperature, thus allowing 
for the water vapor to condense and be collected in a buret and measured.  
Both of these collection tubes were able to be reused after the Ti-deposits 
had been extracted by an analytical method explained in further detail later 
in the analytical lab analysis section of this text.  All the fused quartz tubes 
and polyfluoroethylene fittings were kept in a clean drying oven held at 
100°C to eliminate any moisture.  The experiments were conducted at 
ambient pressure.  The transpiration cell pressure was recorded with an 
Inficon capacitance monitor that varied between 0.96 – 1.00 atm (730 -763 
Torr) during the two years of testing.  A Dycor™ Quadrupole Gas Analyzer 
by Ametek was employed to monitor the seal of the system by verifying the 
absence of any contamination by foreign gases in the chamber that was not 

































Figure 12.  Schematic of the transpiration furnace, transpiration cell and fused quartz collection tubes 
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Flow Meter Calibrations 
y = 1.12x + 4.88
































       
Figure 13.  Gas flow calibration chart measured with a Tylan RO-28 flowmeter   
Table I. Gas flow calibration data
 Water Calibration
y = 0.58x + 0.28


































Figure 14.  Typical representative H2O flow calibration of the Rainin Dynamax® peristaltic pump
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  Heating tape 
 
Figure 15.  Photograph of heating tape used to warm up the gas and water lines prior  







      
    
       (b)    
Figure 16.  Photograph of Pt/Rh transpiration cell.  (a).  The transpiration cell is positioned on top of a support 
alumina rod which houses the thermocouple.  This thermocouple is situated in the center of the chamber cell.  The 
red arrow indicates the chamber cell’s exit.  (b).  View of transpiration cell inside the alumina furnace tube from 
the top of the furnace. 
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 4.4 Transpiration cell set-up 
The cell material consists of a Pt/Rh laser welded chamber, which 
houses the packed TiO2 pellets inside.  A type R thermocouple is inserted 
through the bottom of the cell to monitor the reaction temperature as shown 
in Figure 13.  The runs exposed to oxygen not only react with the TiO2 
pellets but also react with the Pt/Rh transpiration cell to form a black deposit 
that shows up in XRD as platinum oxide (PtO).  
 
4.5 Analytical lab analysis 
The three quartz collection tubes along with the polyfluoroethylene 
fittings and water that was collected through the exhaust were analyzed 
using ICP-AES.  The fittings and exhaust water contained no visible deposit; 
this was also verified in the first several runs through absence of weight 
change on filter paper by means of a filtration step.  The first two collection 
tubes contained a thin to thick film on the internal walls in the form of a 
brown to black deposit, as is shown in Figure 17.  All runs that contained 
oxygen went through a second series of analysis in which an acidic flux 
(fusion) was used in order to extract the rest of the Ti-condensate out.  The 
reason for the additional analysis was due to the reaction of platinum with 
oxygen resulting in a black deposit that was strongly bonded to the Ti-
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condensate.  As a final check to verify that all the Ti-condensate was 
removed from the black deposit, the black deposits from the first several 
tests were filtered and dried after the fusion extraction step and WDXRF 
was used to confirm the absence of Ti.  Experiments run in pure argon gas 
did not undergo this second analyses step.  Since the fittings and exhaust 
water did not contain any visible deposits, they were digested in a 5% (by 
volume) hydrochloric acid (HCl) + 2% hydrofluoric (HF) solution for 2-3 
hours.  After this soak, the solution was diluted to a known volume and ICP-
AES was used to measure the Ti concentration.  The quartz tubes were 
soaked in an aqua regia solution (3 part HCl + 1 part nitric acid (HNO3)) for 
two hours followed by a rinse with concentrated HF.  Based on the first 
several runs that contained only Ar(g) and H2O(g), the black deposits 
collected from the aqua regia soak can be filtered and discard, since they 
contained no Ti deposits.  This was confirmed with WDXRF.  The runs that 
contained O2(g) went through a fusion step in order to extract the Ti deposit 
and as mentioned previously, the remaining deposit was also analyzed with 
WDXRF to confirm the absence of any remaining Ti.  The fusion step for 
the O2(g) containing experiments involved filtering and drying the deposit,  
followed by an acidic flux step through the use of potassium hydrogen 





Figure 17. Photograph of visible deposit on the fused quartz collection tubes 1 and 2.
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 it liquefied, thus converting any remaining TiO2(s) into a soluble solution 
that can be analyzed in the ICP-AES.  Appendix A shows a typical data 
report from the analytical lab.  The second (bent arm) and third collection 
tubes along with the polyfluoroethylene fittings went through an overnight 
soak in 50 v/o HCl soak as a final cleaning process.  
It is also important to note that while the ICP-AES is very sensitive 
for Ti and can detect down to less than 1 µg, from a sample preparation 
standpoint it would improve reproducibility to set up the runs so that 
substantially more Ti is vaporized and condensed in the tubes.  A minimum 
of 10 µg and preferably 20-30+ µg has been suggested by the analytical lab.  
Based on this suggestion, the cut-off for the acceptable limit is 11.5 µg for 
data reported in the result section of this study. 
 
4.6 Data Calculations 
In order to identify the volatile species, the measured data required a 
series of calculations to fit the proposed model in Figure 11., so that the 
coefficients in equation 9 can be determined.  This can be accomplished by 
the conversion of the gases previously mentioned, into moles as written in 
equation (11a & 11b); the overall flow rate of the transpiration cell can be 
calculated with equation (13).  Equation (14) was used to calculate the 
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 measured Ti in terms of moles per second to fit in the next two equations.  
Equation (15) was employed in order to calculate the partial pressure for O2 
and H2O (PO2;H2O) and was graphed on the x-axis with respect to the partial 
vapor pressure of TiO(2+2x+y)H2y (y-axis) as shown in equation 16 by taking 
the log of both sides. 
 











−μ              (14) 
where M = molecular weight of Ti (47.9g/moles); t = time (hr) 
 
 
   
molesArOmolesHmolesO





      (15) 
where Y = partial pressure of O2;H2O 
 
 





••=−−                           (16) 
where PTi-O-H  =  the partial pressure of the volatile species (atm); R = ideal gas constant 
(82.0578 atm·mL/moles·K); T  =  temperature (K) 
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 Prior to the start up of each run, the H2O(l) flow was calibrated (the 
H2O did not get introduced into the furnace until the start of the run), the 
furnace was at temperature, the 3 collection tubes were in place, the 
polyfluoroethylene fittings were tightened and the Ar gas line was set to the 
desired flow rate.  To verify that there were no leaks in the system, the 
pressure was checked by closing off the exhaust and watching the back 
pressure increase as verified by the capacitance monitor.  The O2 flow rate 
was set and turned on right before the initiation of each run, and the start 
time of the experiment started when the water line was connected.  At the 
end of each run, the water line was removed first and the timer was stopped.  
The furnace and gas(es) were kept in position for an additional 15 minutes to 
allow the water vapor to exit through the exhaust.  Before unloading the 
collection tubes, a final verification check was performed again with the 
capacitance monitor to confirm that a tight seal still exists at the end of the 
run.  This confirmation check was also often repeated during each 
experiment as well to ensure that there were no leaks for the duration of the 






4.7 TiO2 Results and Discussions 
A total of 84 tests were conducted at a temperature range of 1400° - 
1200°C, which totaled more than 6,406 hours worth of testing.  Of this 
study, 49 tests were considered within acceptable limits, thus resulting in 
3,972 hours worth of valid results.  Appendix B shows a table of data points 
that did not fall within acceptable limit and the justification for its 
elimination.  This comprehensive study indicated a pattern for the three 
primary temperatures of interest: 1400, 1300, and 1200°C.  This pattern 
suggested that water vapor did contribute to the reaction of TiO2(s), thus 
resulting in a volatile species formation.  It is difficult at this time, even in 
this extensive study to determine what the possible role of oxygen is in this 
reaction.  The results will be broken down in the following sections 
according to the test temperatures: 
 
1400°C 
A total of 22 data points are obtained at 1400°C as shown in Table II., 






















Figure 18.  Photograph of transpiration furnace system including Rainin Dynamax® peristaltic water pumps, Tylan 
gas flowmeter, heating tapes and exhaust water buret collection set-up
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 Figure 19.  As previously mentioned in equation 9, the y coefficient is 
determined to be approximately equal to one since the slope of the equation 
is 0.967.  In order to verify the contribution and coefficient of O2(g) and 
H2O(g), one gas is held constant while the other gas flow rate is modified 
over a range of flow rates.  Figure 20 displays the data at 1400°C when 
O2(g) is held at 17% and H2O(g) is varied.  The same is also shown for an 
approximate 34% H2O(g) and when O2(g) is varied.  When comparing this 
chart to that of the anticipated chart as previously shown in Figure 11, it is 
reasonable to determine the first set of data points, which varies the O2(g) 
and gives a slope of 0.01, thus resulting in an x coefficient of approximately 
zero molecules of O2(g) in equation 9.  The H2O(g) results indicate a slope 
of 0.92 with an R2 value of 0.99.  This results in a y coefficient of 
approximately one molecule of H2O(g).  With both calculated x and y 





TiO2(s) + H2O(g) = TiO(OH)2(g)       (17) 
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PTi-O-H log PTi-O-H log PO2 log PH2O
 (°C) (K) (hr) (mole/sec) % (mole/sec) % (moles/sec) % Torr (µg Ti) (mole/sec) (mL/sec) atm
Ti016 1400 1673 20 1.86E-04 100% --- 0% --- 0% 754 3.5 1.01E-12 25.7313 5.41E-09 -8.27 --- ---
Ti034 1400 1673 89.4 1.67E-05 17% 7.37E-05 76% 7.08E-06 7% 747 29.2 1.89E-12 13.6201 1.91E-08 -7.72 -0.77 -1.14
Ti032 1401 1674 91 6.69E-05 68% 2.34E-05 24% 7.38E-06 8% 746 29.3 1.87E-12 13.6727 1.88E-08 -7.73 -0.16 -1.12
Ti050 1402 1675 95 --- 0% 1.36E-04 86% 2.31E-05 14% 760 29.4 1.79E-12 21.9078 1.13E-08 -7.95 --- -0.84
Ti033 1400 1673 45 1.68E-05 17% 6.72E-05 67% 1.63E-05 16% 749 30.3 3.90E-12 13.9676 3.84E-08 -7.42 -0.78 -0.79
Ti026 1401 1674 20 1.68E-04 80% --- 0% 4.11E-05 20% 750 31.0 8.99E-12 29.1236 4.24E-08 -7.37 -0.09 -0.71
Ti046 1400 1673 114 2.69E-05 20% 7.40E-05 55% 3.25E-05 24% 750 157.6 8.02E-12 18.5509 5.93E-08 -7.23 -0.70 -0.61
Ti030 1403 1676 42.7 1.68E-05 17% 5.04E-05 51% 3.20E-05 32% 750 49.0 6.66E-12 13.8331 6.62E-08 -7.18 -0.77 -0.49
Ti031 1402 1675 45 4.99E-05 51% 1.66E-05 17% 3.20E-05 32% 742 47.1 6.07E-12 13.8729 6.01E-08 -7.22 -0.30 -0.49
Ti038 1404 1677 43 1.02E-05 6% 1.02E-04 61% 5.54E-05 33% 755 95.1 1.28E-11 23.1474 7.62E-08 -7.12 -1.22 -0.48
Ti047 1402 1675 41 3.70E-05 35% 3.36E-05 32% 3.45E-05 33% 750 58.8 8.31E-12 14.6360 7.81E-08 -7.11 -0.45 -0.48
Ti045 1402 1675 90 3.66E-05 41% 2.33E-05 26% 2.92E-05 33% 742 121.4 7.82E-12 12.5462 8.57E-08 -7.07 -0.39 -0.48
Ti043 1404 1677 68 8.07E-05 62% 6.73E-06 5% 4.23E-05 33% 750 134.0 1.14E-11 18.0924 8.69E-08 -7.06 -0.21 -0.49
Ti022 1401 1674 20 --- 0% 1.35E-04 65% 7.26E-05 35% 752 26.1 7.57E-12 28.8054 3.61E-08 -7.44 --- -0.46
Ti015 1399 1672 20 1.36E-04 65% --- 0% 7.38E-05 35% 756 52.8 1.53E-11 28.8875 7.27E-08 -7.14 -0.19 -0.45
Ti039 1403 1676 24 2.71E-05 17% 5.42E-05 34% 7.69E-05 49% 755 76.8 1.86E-11 21.8972 1.17E-07 -6.93 -0.77 -0.31
Ti051 1401 1674 43 --- 0% 3.98E-05 45% 4.89E-05 55% 739 38.1 5.14E-12 12.5285 5.63E-08 -7.25 --- -0.26
Ti052 1400 1673 52.7 1.99E-05 22% 1.99E-05 22% 4.89E-05 55% 740 107.4 1.18E-11 12.5117 1.30E-07 -6.89 -0.65 -0.26
Ti042 1402 1675 23 --- 0% 6.08E-05 30% 1.42E-04 70% 753 130.8 3.30E-11 28.0655 1.62E-07 -6.79 --- -0.16
Ti041 1402 1675 47 5.39E-05 28% --- 0% 1.42E-04 72% 751 261.8 3.23E-11 27.2237 1.63E-07 -6.79 -0.56 -0.14
Ti023 1401 1674 20 --- 0% 5.38E-05 27% 1.43E-04 73% 750 79.2 2.30E-11 27.3623 1.15E-07 -6.94 --- -0.14
Ti044 1402 1675 43 3.32E-05 20% 6.64E-06 4% 1.23E-04 76% 740 207.3 2.80E-11 22.9940 1.67E-07 -6.78 -0.69 -0.12
O2 gas flow rate H2O flow rate
 
Table II.  Comprehensive Ti-O-H results at 1400°C:  run number, temperatures, time, test gas flow rates, monitored 
room pressure display, analytically measured Ti deposits, calculated cell gas flow rates, calculated partial pressure 
of Ti-O-H and log of the partial pressures of Ti-O-H and test gases.   
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Figure 19.  All partial pressure (Ti-O-H) data points measured in the transpiration furnace for 1400°C with respect 
to the partial pressure of water vapor.   m = the standard deviation of the slope within a 95% confidence interval
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 The 95% confidence interval13, represented by m in Figure 19 is 
calculated for the slope of 0.967 to be ± 0.770.   In other words, with 95% 
confidence, the coefficient of H2O(g) lies somewhere between 1.744 and 
0.190.  This calculation was performed with a Microsoft Excel spreadsheet 
and can be viewed in Appendix C.  This is a rather large scatter; however, 
based upon the complexity of these high temperature measurements, it 
would be difficult to identify another system that would offer greater 




A total of 18 data points, as shown in Table III and Figure 21, are 
taken at 1300°C to determine the x and y coefficients as mentioned 
previously to fit the equation 9 model.  It is determined that the y coefficient 
equals 0.900.  The R2 value for this set of data is 0.867.  This finding 
supports the same reaction found in equation (17).  The 95% confidence 
interval for the slope, 0.900, at this temperature is ± 0.529.  Again, the 
calculations can be reviewed in Appendix D.  Figure 22 charts the minimal 
oxygen contribution for these measurements acquired at 1300°C.  As can be 
seen, when oxygen is held constant at 34% and water vapor is varied, the 
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partial pressure is also affected.  This partial pressure effect results in a y 
coefficient of 0.85 for the H2O(g) molecule as previously shown in equation 
(15).  When water vapor is held constant at 24% and 35% contributions and 
oxygen is varied, there appears to be no oxygen affect in this reaction.
 log P = 0.92 logPH2O - 6.68
R2 = 0.99
@ 17% O2
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Figure 20.  1400°C measured partial pressure of Ti-O-H.  O2(g) or H2O(g) is held constant.
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PTi-O-H log PTi-O-H log PO2 log PH2O
 (°C) (K) (hr) (mole/sec) % (mole/sec) % (moles/sec) % Torr (µg Ti) (mole/sec) (mL/sec) atm
Ti074 1301 1574 91 5.78E-05 34% 9.52E-05 57% 1.54E-05 9% 758 19.6 1.25E-12 21.7993 7.40E-09 -8.13 -0.46 -1.04
Ti077 1301 1574 114 --- 0% 1.42E-04 90% 1.63E-05 10% 755 18.6 9.46E-13 20.6067 5.93E-09 -8.23 --- -0.99
Ti079 1300 1573 116 5.74E-05 34% 8.44E-05 50% 2.77E-05 16% 753 32.7 1.63E-12 22.0824 9.56E-09 -8.02 -0.47 -0.79
Ti001 1300 1573 168 1.53E-04 81% --- 0% 3.54E-05 19% 754 57.0 1.97E-12 24.486 1.04E-08 -7.98 -0.09 -0.73
Ti004 1300 1573 24 --- 0% 1.48E-04 76% 4.62E-05 24% 757 13.8 3.33E-12 25.1155 9.63E-09 -8.02 --- -0.62
Ti017 1298 1571 115 --- 0% 1.55E-04 76% 4.77E-05 24% 752 39.5 1.99E-12 26.422 9.72E-09 -8.01 --- -0.63
Ti003 1301 1574 114.5 1.52E-04 76% --- 0% 4.77E-05 24% 748 48.1 2.44E-12 26.1536 1.20E-08 -7.92 -0.12 -0.62
Ti062 1301 1574 94 5.08E-05 25% 1.02E-04 51% 4.77E-05 24% 755 43.0 2.65E-12 26.0075 1.32E-08 -7.88 -0.60 -0.62
Ti063 1301 1574 64 3.37E-05 21% 8.77E-05 55% 3.88E-05 24% 752 23.9 2.16E-12 20.9061 1.34E-08 -7.87 -0.68 -0.62
Ti064 1302 1575 66 1.68E-05 10% 1.08E-04 66% 3.98E-05 24% 750 26.0 2.28E-12 21.5144 1.37E-08 -7.86 -0.99 -0.62
Ti058 1301 1574 71 --- 0% 1.35E-04 67% 6.77E-05 33% 752 28.4 2.32E-12 26.4421 1.13E-08 -7.95 --- -0.48
Ti072 1301 1574 46 5.78E-05 34% 5.52E-05 32% 5.88E-05 34% 750 27.6 3.48E-12 22.4808 2.00E-08 -7.70 -0.47 -0.47
Ti073 1301 1574 48 1.69E-05 10% 9.83E-05 56% 6.09E-05 35% 756 29.4 3.55E-12 22.8755 2.01E-08 -7.70 -1.02 -0.46
Ti071 1301 1574 49 1.05E-04 65% --- 0% 5.54E-05 35% 752 24.0 2.84E-12 20.8742 1.76E-08 -7.76 -0.18 -0.46
Ti080 1299 1572 29 8.74E-05 50% 2.69E-05 15% 6.20E-05 35% 750 18.0 3.60E-12 23.0504 2.01E-08 -7.70 -0.30 -0.45
Ti013 1301 1574 20 --- 0% 1.18E-04 61% 7.66E-05 39% 753 11.5 3.33E-12 25.3927 1.70E-08 -7.77 --- -0.41
Ti070 1298 1571 49 6.77E-05 35% --- 0% 1.28E-04 65% 755 63.5 7.51E-12 25.4558 3.80E-08 -7.42 -0.46 -0.18
Ti076 1299 1572 43 --- 0% 5.19E-05 30% 1.23E-04 70% 752 54.9 7.40E-12 22.8145 4.19E-08 -7.38 --- -0.15
O2 gas flow rate H2O flow rate
 
 
Table III.  Comprehensive Ti-O-H results at 1300°C:  run numbers, temperatures, time, test gas flow rates, 
monitored room pressure display, analytically measured Ti deposits, calculated cell gas flow rates, calculated  
partial pressure of Ti-O-H and log of the partial pressures of Ti-O-H and test gases.
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Figure 21.  All partial pressure (Ti-O-H) data points measured in the transpiration furnace for 1300°C with respect 
to the partial pressure of water vapor.   m = the standard deviation of the slope within a 95% confidence interval  
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 log P = 0.85 log PH2O - 7.29
R2 = 0.98
@ 34% O2
log P = -0.04 log PO2 - 7.73
@ 35% H2O
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Figure 22.  1300°C measured partial pressure of Ti-O-H.  O2 or H2O is held constant
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 1200°C     
At 1200°C, 7 data points as shown in Table IV. are used to obtain the 
slope of the reaction.  This temperature is the lowest test temperature in this 
study due to the extended length of each run that is required to accumulate 
enough Ti deposit to be measured in the ICP-AES instrument.  Due to the 
limited number of data points collected at this temperature, an assumption is 
made that oxygen does not contribute significantly to the reaction based on 
the results mentioned above for 1400° and 1300°C.  Preliminary results then 
indicate that the y coefficient from equation 9 is 0.935.  Following the 
assumption that the x coefficient is zero, equation 9 can be rewritten for 
1200°C to support the 1400° and 1300°C results as in equation 17, and can 
be seen in Figure 23.  Due to the low number of experiments conducted at 
this temperature, the standard deviation is not calculated.   
 
Additional 1200’s°C     
Additional experiments are conducted at 1225°, 1250°, and 1275°C 
and are reported in Table V.  These additional experiments will aid in 
identifying temperature dependencies, which will be discussed further on in 
this study.  
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PTi-O-H log PTi-O-H log PO2 log PH2O
 (°C) (K) (hr) (mole/sec) % (mole/sec) % (moles/sec) % Torr (µg Ti) (mole/sec) (mL/sec) atm
Ti010 1200 1473 50 --- 0% 1.35E-04 100% --- 0% 750 1.2 1.39E-13 16.4765 1.02E-09 -8.99 --- ---
Ti075 1200 1473 216 1.15E-04 65% 4.73E-05 27% 1.54E-05 9% 754 9.2 3.14E-13 21.6461 1.75E-09 -8.76 -0.19 -1.06
Ti083 1200 1473 250 6.73E-05 34% 1.01E-04 51% 3.00E-05 15% 750 13.5 7.83E-13 24.2700 3.90E-09 -8.41 -0.47 -0.82
Ti084 1200 1473 240 5.04E-05 32% 5.38E-05 34% 5.23E-05 33% 750 26.3 2.03E-12 19.1759 1.28E-08 -7.89 -0.49 -0.48
Ti055 1198 1471 140 --- 0% 1.35E-04 66% 6.92E-05 34% 755 12.0 4.97E-13 24.8659 2.41E-09 -8.62 --- -0.47
Ti068 1200 1473 94 5.89E-05 34% 2.37E-05 14% 9.08E-05 52% 755 23.6 1.57E-12 21.0944 9.01E-09 -8.05 -0.47 -0.28
Ti066 1200 1473 115 2.69E-05 16% 5.38E-05 31% 9.18E-05 53% 750 25.2 3.65E-12 21.1351 2.09E-08 -7.68 -0.81 -0.27
Ti067 1198 1471 118 --- 0% 6.75E-05 35% 1.23E-04 65% 753 35.6 1.75E-12 23.2584 9.08E-09 -8.04 --- -0.19
O2 gas flow rate H2O flow rate
 
 
Table IV.  Comprehensive Ti-O-H results at 1200°C:  run numbers, temperatures, time, test gas flow rates, 
monitored room pressure display, analytically measured Ti deposits, calculated cell gas flow rates, calculated  
partial pressure of Ti-O-H and log of the partial pressures of Ti-O-H and test gases.
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Figure 23.  All partial pressure (Ti-O-H) data points measured in the transpiration furnace for 1200°C with respect 
to the partial pressure of water vapor 
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PTi-O-H log PTi-O-H log PO2 log PH2O
 (°C) (K) (hr) (mole/sec) % (mole/sec) % (moles/sec) % Torr (µg Ti) (mole/sec) (mL/sec) atm
Ti082 1225 1498 138 6.36E-05 34% 6.09E-05 33% 6.09E-05 33% 754 29.6 1.83E-12 22.9638 9.77E-09 -8.01 -0.46 -0.48
Ti057 1250 1523 144 --- 0% 1.35E-04 67% 6.62E-05 33% 754 22.0 8.86E-13 25.3688 4.36E-09 -8.36 --- -0.48
Ti081 1275 1548 119 6.42E-05 34% 6.09E-05 33% 6.17E-05 33% 754 45.4 2.77E-12 23.9154 1.47E-08 -7.83 -0.46 -0.48
O2 gas flow rate H2O flow rate
 
 
Table V.  Additional 1200’s°C comprehensive Ti-O-H results that includes run numbers, temperatures, time, test 
gas flow rates, monitored room pressure display, analytically measured Ti deposits, calculated cell gas flow rates, 
calculated partial pressure of Ti-O-H and log of the partial pressures of Ti-O-H and test gases
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 The volatile species, TiO(OH)2(g) is the primary reaction product for 
TiO2(s) in a water vapor environment at the temperature range of 1400°-
1200°C as seen in Figure 24.  This experimentally measured volatile species, 
expressed in reaction 17, has not been identified in any published form.  It is 
apparent based on the above mentioned results that the volatility of TiO2(s) 
not only exists at the temperature range of 1200 to 1400°C, but also is 
extremely temperature dependent due to the shorter test times needed to 
acquire the Ti deposit as the temperature increased.  At 1400°C, the amount 
of Ti deposit collected is 16 times faster than it is at 1200°C.  For 1300°C 
versus 1200°C, the deposition rate is approximately four times faster. 
As can be seen in Appendix A, the straight collection tube is the one 
that acquires the largest amount of Ti deposit.  This evidence supports the 
temperature dependency of the Ti-O-H reaction and that the bulk of the Ti is 
deposited closest to the hot zone.  It is also interesting to note that Ti is not 
found in any of the exhaust water collected at 1200°C experiments, which 
further supports the temperature dependency hypothesis that the volatile 
species exists at a specific temperature range.  Therefore, at 1200°C, it is 
understandable that no Ti was found downstream from the hot zone.
 67
 y = 0.95x - 6.73
R2 = 0.77
y = 0.90x - 7.33
R2 = 0.87
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Figure 24.  All partial pressure (Ti-O-H) data points measured in the transpiration furnace for all 3 temperatures 
with respect to the partial pressure of water vapor.  This chart clearly demonstrates a temperature dependency.
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 This may be a negligible argument since the amount of Ti found in the 
exhaust H2O above 1200°C is extremely minimal compared to that found in 
the straight collection tube.  Further studies would benefit from mapping the 
temperature gradient of the entire collection system to identify the 
temperature range for the existence of the Ti-O-H volatile species. 
At the time of this publication, it is unclear the role that oxygen plays 
in reaction (17).  As can be seen in data Tables II, III, IV and V, runs with 
oxygen, for the most part, have a tendency to yield a slightly higher amount 
of Ti-deposit than those experiments conducted without oxygen.  However, 
the oxygen-containing data points do not differ significantly enough to offset 
the slope found in the pressure dependency charts.  Oxygen does appear to 
have an effect on the reaction; how much is unclear at this point in the study.  
Further experiments need to be conducted to decisively rule out that oxygen 
does not contribute to the reaction at all or even as a catalyst.   
Once the molecule has been experimentally identified, the next step is 
to calculate the heat of enthalpy ( ) and the entropy ( ) of the reaction 
from TiO2(s).   is the measure of work required for the reaction to occur, 
while  is the measurement of order and disorder of a system from 





















2)(=         (18) 
where PTiO(OH)2  =  is the partial pressure of volatile species (atm); aTi-O-H  =  activity of 
the TiO2, which would equal one assuming that the TiO2 remains pure;  
X =  the mole fraction of the gases as can be seen in the following equation; Ptot = the 












++=        (19) 
where  = gas flow rate (moles/sec) n&
 
 
Once the equilibrium constant is calculated, the van’t Hoff 
equation14,15 expressed in equation (20) can be applied to solve for  and 
 by plotting it versus 1/T as shown in Figure 25.  This figure employs 
two sets of data.  The first set of data points represented by a solid black line 
is for all the data points used in this study.  The second set of data points 
displayed by a dotted blue line is for the series of data points that ranged 














⎛Δ−= 1ln                                       (20) 
van’t Hoff equation 
where R = 8.3144 J/(K•mole) and T = temperature (K) 
  







PTi-O-H log PTi-O-H 10000/T ln Keq
 (°C) (K) (hr) (mole/sec) % (moles/sec) % Torr (µg Ti) (mL/sec) atm (1/K)
Ti016 1400 1673 20 1.86E-04 100% --- 0% 0.992 3.5 25.7313 5.41E-09 -8.27 5.98 ---
Ti034 1400 1673 89.4 1.67E-05 17% 7.08E-06 7% 0.983 29.2 13.6201 1.91E-08 -7.72 5.98 -15.17
Ti032 1401 1674 91 6.69E-05 68% 7.38E-06 8% 0.982 29.3 13.6727 1.88E-08 -7.73 5.97 -15.23
Ti050 1402 1675 95 --- 0% 2.31E-05 14% 1.000 29.4 21.9078 1.13E-08 -7.95 5.97 -16.37
Ti033 1400 1673 45 1.68E-05 17% 1.63E-05 16% 0.986 30.3 13.9676 3.84E-08 -7.42 5.98 -15.27
Ti026 1401 1674 20 1.68E-04 80% 4.11E-05 20% 0.987 31.0 29.1236 4.24E-08 -7.37 5.97 -15.36
Ti046 1400 1673 114 2.69E-05 20% 3.25E-05 24% 0.987 157.6 18.5509 5.93E-08 -7.23 5.98 -15.24
Ti030 1403 1676 42.7 1.68E-05 17% 3.20E-05 32% 0.987 49.0 13.8331 6.62E-08 -7.18 5.97 -15.41
Ti031 1402 1675 45 4.99E-05 51% 3.20E-05 32% 0.976 47.1 13.8729 6.01E-08 -7.22 5.97 -15.53
Ti038 1404 1677 43 1.02E-05 6% 5.54E-05 33% 0.993 95.1 23.1474 7.62E-08 -7.12 5.96 -15.29
Ti047 1402 1675 41 3.70E-05 35% 3.45E-05 33% 0.987 58.8 14.6360 7.81E-08 -7.11 5.97 -15.26
Ti045 1402 1675 90 3.66E-05 41% 2.92E-05 33% 0.976 121.4 12.5462 8.57E-08 -7.07 5.97 -15.18
Ti043 1404 1677 68 8.07E-05 62% 4.23E-05 33% 0.987 134.0 18.0924 8.69E-08 -7.06 5.96 -15.15
Ti022 1401 1674 20 --- 0% 7.26E-05 35% 0.989 26.1 28.8054 3.61E-08 -7.44 5.97 -16.10
Ti015 1399 1672 20 1.36E-04 65% 7.38E-05 35% 0.995 52.8 28.8875 7.27E-08 -7.14 5.98 -15.40
Ti039 1403 1676 24 2.71E-05 17% 7.69E-05 49% 0.993 76.8 21.8972 1.17E-07 -6.93 5.97 -15.25
Ti051 1401 1674 43 --- 0% 4.89E-05 55% 0.972 38.1 12.5285 5.63E-08 -7.25 5.97 -16.13
Ti052 1400 1673 52.7 1.99E-05 22% 4.89E-05 55% 0.974 107.4 12.5117 1.30E-07 -6.89 5.98 -15.29
Ti042 1402 1675 23 --- 0% 1.42E-04 70% 0.991 130.8 28.0655 1.62E-07 -6.79 5.97 -15.29
Ti041 1402 1675 47 5.39E-05 28% 1.42E-04 72% 0.988 261.8 27.2237 1.63E-07 -6.79 5.97 -15.32
Ti023 1401 1674 20 --- 0% 1.43E-04 73% 0.987 79.2 27.3623 1.15E-07 -6.94 5.97 -15.67
Ti044 1402 1675 43 3.32E-05 20% 1.23E-04 76% 0.974 207.3 22.9940 1.67E-07 -6.78 5.97 -15.35
O2 gas flow rate H2O flow rate
 
 
Table VI.  Calculated equilibrium constant (Keq) for 1400°C results that includes run numbers, temperatures, time, 
test gas flow rates, monitored room pressure display, analytically measured Ti deposits, calculated cell gas flow 
rates, calculated partial pressure of Ti-O-H and log of the partial pressures of Ti-O-H, the inverse of temperature 
and the calculated lnKeq from equation 18. 
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PTi-O-H log PTi-O-H 10000/T ln Keq
 (°C) (K) (hr) (mole/sec) % (moles/sec) % Torr (µg Ti) (mL/sec) atm (1/K)
Ti074 1301 1574 91 5.78E-05 34% 1.54E-05 9% 0.9974 19.6 21.7993 7.40E-09 -8.13 6.35 -16.33
Ti077 1301 1574 114 --- 0% 1.63E-05 10% 0.9934 18.6 20.6067 5.93E-09 -8.23 6.35 -16.68
Ti079 1300 1573 116 5.74E-05 34% 2.77E-05 16% 0.9908 32.7 22.0824 9.56E-09 -8.02 6.36 -16.66
Ti001 1300 1573 168 1.53E-04 81% 3.54E-05 19% 0.9921 57.0 24.4860 1.04E-08 -7.98 6.36 -16.72
Ti004 1300 1573 24 --- 0% 4.62E-05 24% 0.9961 13.8 25.1155 9.63E-09 -8.02 6.36 -17.03
Ti017 1298 1571 115 --- 0% 4.77E-05 24% 0.9895 39.5 26.4220 9.72E-09 -8.01 6.37 -17.01
Ti003 1301 1574 114.5 1.52E-04 76% 4.77E-05 24% 0.9842 48.1 26.1536 1.20E-08 -7.92 6.35 -16.82
Ti062 1301 1574 94 5.08E-05 25% 4.77E-05 24% 0.9934 43.0 26.0075 1.32E-08 -7.88 6.35 -16.72
Ti063 1301 1574 64 3.37E-05 21% 3.88E-05 24% 0.9895 23.9 20.9061 1.34E-08 -7.87 6.35 -16.72
Ti064 1302 1575 66 1.68E-05 10% 3.98E-05 24% 0.9868 26.0 21.5144 1.37E-08 -7.86 6.35 -16.70
Ti058 1301 1574 71 --- 0% 6.77E-05 33% 0.9895 28.4 26.4421 1.13E-08 -7.95 6.35 -17.21
Ti072 1301 1574 46 5.78E-05 34% 5.88E-05 34% 0.9868 27.6 22.4808 2.00E-08 -7.70 6.35 -16.67
Ti073 1301 1574 48 1.69E-05 10% 6.09E-05 35% 0.9947 29.4 22.8755 2.01E-08 -7.70 6.35 -16.67
Ti071 1301 1574 49 1.05E-04 65% 5.54E-05 35% 0.9895 24.0 20.8742 1.76E-08 -7.76 6.35 -16.81
Ti080 1299 1572 29 8.74E-05 50% 6.20E-05 35% 0.9868 18.0 23.0504 2.01E-08 -7.70 6.36 -16.69
Ti013 1301 1574 20 --- 0% 7.66E-05 39% 0.9908 11.5 25.3927 1.70E-08 -7.77 6.35 -16.97
Ti070 1298 1571 49 6.77E-05 35% 1.28E-04 65% 0.9934 63.5 25.4558 3.80E-08 -7.42 6.37 -16.67
Ti076 1299 1572 43 --- 0% 1.23E-04 70% 0.9895 54.9 22.8145 4.19E-08 -7.38 6.36 -16.65
O2 gas flow rate H2O flow rate
 
 
Table VII.  Calculated equilibrium constant (Keq) for 1300°C results that includes run numbers, temperatures, time, 
test gas flow rates, monitored room pressure display, analytically measured Ti deposits, calculated cell gas flow 
rates, calculated partial pressure of Ti-O-H and log of the partial pressures of Ti-O-H, the inverse of temperature 















PTi-O-H log PTi-O-H 10000/T ln Keq
 (°C) (K) (hr) (mole/sec) % (moles/sec) % Torr (µg Ti) (mL/sec) atm (1/K)
Ti082 1225 1498 138 6.36E-05 34% 6.09E-05 33% 0.9921 29.6 22.9638 9.77E-09 -8.01 6.68 -17.34
Ti057 1250 1523 144 --- 0% 6.62E-05 33% 0.9921 22.0 25.3688 4.36E-09 -8.36 6.57 -18.14
Ti081 1275 1548 119 6.42E-05 34% 6.17E-05 33% 0.9921 45.4 23.9154 1.47E-08 -7.83 6.46 -16.93
O2 gas flow rate H2O flow rate
 
Figure VIII.  Calculated equilibrium constant (Keq) for 1200’s°C results that includes run numbers, temperatures, 
time, test gas flow rates, monitored room pressure display, analytically measured Ti deposits, calculated cell gas 
flow rates, calculated partial pressure of Ti-O-H and log of the partial pressures of Ti-O-H, the inverse of 
















PTi-O-H log PTi-O-H 10000/T ln Keq
 (°C) (K) (hr) (mole/sec) % (moles/sec) % atm (µg Ti) (mL/sec) atm (1/K)
Ti010 1200 1473 50 --- 0% --- 0% 0.987 1.2 16.4765 1.02E-09 -8.99 6.79 ---
Ti075 1200 1473 216 1.15E-04 65% 1.54E-05 9% 0.9921 9.2 21.6461 1.75E-09 -8.76 6.79 -17.76
Ti083 1200 1473 250 6.73E-05 34% 3.00E-05 15% 0.9868 13.5 24.2700 3.90E-09 -8.41 6.79 -17.49
Ti084 1200 1473 240 5.04E-05 32% 5.23E-05 33% 0.9868 26.3 19.1759 1.28E-08 -7.89 6.79 -17.09
Ti055 1198 1471 140 --- 0% 6.92E-05 34% 0.9934 12.0 24.8659 2.41E-09 -8.62 6.80 -18.77
Ti068 1200 1473 94 5.89E-05 34% 9.08E-05 52% 0.9934 23.6 21.0944 9.01E-09 -8.05 6.79 -17.88
Ti066 1200 1473 115 2.69E-05 16% 9.18E-05 53% 0.9868 25.2 21.1351 2.09E-08 -7.68 6.79 -17.07
Ti067 1198 1471 118 --- 0% 1.23E-04 65% 0.9908 35.6 23.2584 9.08E-09 -8.04 6.80 -18.09
O2 gas flow rate H2O flow rate
 
Table IX.  Calculated equilibrium constant (Keq) for 1200°C results that includes run numbers, temperatures, time, 
test gas flow rates, monitored room pressure display, analytically measured Ti deposits, calculated cell gas flow 
rates, calculated partial pressure of Ti-O-H and log of the partial pressures of Ti-O-H, the inverse of temperature 
and the calculated lnKeq from equation 18. 
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y = -1.403x + 1.660
R 2  = 0.844























Figure 25.  Solving for  and  at an average temperature of 1573 K (1300°C)orHΔ orSΔ
 = 18.57 J/mole·K o
1573r
SΔ




 = 31.78 J/mole·K o
1573r
SΔ




 The  for this study is calculated at an average temperature of 
1573K (1300°C) for all data points and for the 32-35% water vapor content 
equals 2.47x105 J/mole and 2.69x105 J/mole, respectively.  These values can 
be compared to published values for a similar molecule, SiO(OH)2(g), which 
has a  reported at 3.14x105 J/mole16.  Since SiO2(s) and TiO2(s) are 
similar molecules and have a similar shape, it would not be unreasonable 
that the reported  value for SiO(OH)2(g) and the  measured value for 
TiO(OH)2(g) found in this study are very close in number.  Though these 
high temperature measurements are extremely difficult to measure 
quantitatively and many errors can be incorporated into the transpiration cell 
system, it is still by far, one of the best methods of obtaining thermodynamic 









The calculated  for all data points and for the 32-35% water 
vapor content equals 18.57 J/mole·K and 31.78 J/mole·K, respectively.  The 
small value obtained for  can be contributed to the fact that the reaction 
is 1:1:1 reaction, in which only one molecule of TiO2(s) and one of H2O(g) 
is required to form one molecule of TiO(OH)2(g).  This reaction indicates 
minimal disorder; therefore, one would not expect a large  value.  Given 















 which indicates that this reaction is an extremely efficient reaction because 
only a negligible amount of  energy was lost during the reaction.   Therefore, 













































SUMMARY AND CONCLUSION 
 
 
Gas turbine engines rely on high temperature materials to perform 
efficiently and economically.  The innovative goal in the aerospace industry 
is to always strive to identify materials that would out perform conventional 
engines by improving the thrust to weight ratio, decrease fuel consumption 
and improve durability.  This study addresses the water vapor attack on Ti-
containing material that occurs at high temperatures in a combustion 
environment.  Various hot and cold pressed titanium containing materials 
have been evaluated in this comprehensive study to evaluate its effectiveness 
at high temperature for combustion environments.  These studies have 
included hot pressed composite containing various compositions TiC-SiC.  It 
was difficult to identify let alone isolate a water vapor interaction for these 
compositions due to the internal porosity issues related to the hot-pressing 
method employed.  Based on the preliminary results of these TiC-SiC 
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 compositions, oxidation played a key role in shifting towards isolating a 
reaction of titanium oxide and water vapor.  A second study was thus 
launched to verify and identify the volatile interactions of TiO2(s) and 
H2O(g) by the transpiration method. 
A series of 54 experiments have been conducted at a temperature 
range of 1400° - 1200°C to measure the volatility rate of TiO2(s) in water 
vapor using the transpiration method.  The study has resulted in identifying 
TiO(OH)2(g) as the primary volatile species at these temperatures.  It is 
difficult to conclude at this point whether or not oxygen contributes in any 
significant way to expedite the reaction.  Further studies must be conducted 
to determine the significance of oxygen contribution.  It is understandable 
that the 1300° and most definitely the 1200°C runs have a larger margin of 
error due to longer test lengths as can be noted by the median test times of 
65 hours versus 140 hours respectively.  As with any joint fittings, with time 
and high temperatures, the tension may lessen, thus allowing for possible 
transpiration cell pressure loss.  Also inconsistencies in the peristaltic pump 
due to the wear and tear of the hosing may result in poorer water flow 
control.  The room pressure and temperature fluctuations may also 
contribute to the experimental errors as well.   
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 These results will contribute to future consideration for the down-
selection of refractory oxide materials for propulsion components in 
combustion environments.  This will also aid in furthering the understanding 
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Ti run 84 = 26.3 micrograms Ti 
 no Ti found in the water sample 
 0.4 ug Ti found in the fittings 
 1.5 ug Ti found in the bent tube 





Ti run 80 = 18.0 micrograms Ti 
 0.4 ug Ti in the water sample 
 0.3 ug Ti in the fittings 
 0.5 ug Ti in the bent tube 





Ti run 43 = 134.0 micrograms Ti 
 0.2 ug Ti in the water sample 
 0.5 ug Ti in the fittings 
 0.5 ug Ti in the bent tube 











 B. Justification for eliminated data points 
 








 (°C) (K) (hr) (mole/sec) % (mole/sec) % (moles/sec) % Torr (µg Ti) (mole/sec) (mL/sec) atm
Ti002 1300 1573 24 1.51E-04 81% --- 0% 3.54E-05 19% 746 19.2 4.64E-12 24.5353 2.44E-08 collection tube broke
Ti005 1309 1582 93.9 --- 0% 1.46E-04 80% 3.54E-05 20% 748 24.8 1.53E-12 23.9111 8.31E-09 leak
Ti006 1306 1579 313 1.35E-04 79% --- 0% 3.54E-05 21% 750 --- --- 22.3079 --- leak
Ti007 1200 1473 143.9 --- 0% 1.34E-04 79% 3.54E-05 21% 745 6.2 2.50E-13 20.8395 1.45E-09 ran out of H2O for 24 hrs
Ti008 1200 1473 20 1.33E-04 64% --- 0% 7.58E-05 36% 742 8.8 2.55E-13 25.8662 1.19E-09 too low ppt.
Ti009 1200 1473 20 --- 0% 1.35E-04 65% 7.11E-05 35% 750 5.4 1.57E-12 25.1819 7.52E-09 too low ppt.
Ti011 1200 1473 20 --- 0% 1.36E-04 47% 1.52E-04 53% 761 5.3 1.54E-12 34.8428 5.33E-09 too low ppt./high flow rate
Ti012 1305 1578 40 --- 0% 1.37E-04 49% 1.43E-04 51% 763 24.7 3.58E-12 36.1042 1.28E-08 too high flow rate
Ti014 1301 1574 20 --- 0% 1.36E-04 47% 1.54E-04 53% 757 18.4 5.34E-12 37.5550 1.83E-08 leak
Ti018 1301 1574 42 1.35E-04 48% --- 0% 1.45E-04 52% 755 25 3.45E-12 36.4478 1.22E-08 too high flow rate
Ti019 1302 1575 95 --- 0% 1.17E-04 62% 7.28E-05 38% 747 --- --- 24.9834 --- ran out of Ar
Ti020 1400 1673 17.6 --- 0% 1.18E-04 62% 7.31E-05 38% 752 --- --- 26.5131 --- leak
Ti021 1400 1673 8 --- 0% 1.19E-04 84% 2.22E-05 16% 759 4.8 3.48E-12 19.4197 2.46E-08 power outage/spike
Ti024 1401 1674 100 --- 0% 1.69E-04 80% 4.15E-05 20% 755 9.9 5.74E-13 29.1496 2.71E-09 leak
Ti025 1402 1675 20 --- 0% 6.69E-05 80% 1.65E-05 20% 746 13.4 3.89E-12 11.6730 4.57E-08 too low cell flow
Ti027 1402 1675 45 --- 0% 6.55E-05 100% --- 0% 730 1.4 1.80E-13 9.3680 2.65E-09 too low cell flow
Ti028 1403 1676 74 6.59E-05 100% --- 0% --- 0% 735 2.3 1.80E-13 9.3736 2.64E-09 too low cell flow & ppt.
Ti029 1401 1674 101 3.36E-05 51% 1.68E-05 26% 1.52E-05 23% 750 34.8 2.00E-12 9.1418 3.00E-08 leak
Ti035 1191 1464 113 1.37E-04 47% --- 0% 1.52E-04 53% 763 36.5 1.87E-12 34.5820 6.51E-09 H2O pump failed
Ti036 1200 1473 112.5 --- 0% 1.36E-04 48% 1.50E-04 52% 758 18.8 9.69E-13 34.6545 3.38E-09 too high flow rate
Ti037 1204 1477 164 --- 0% 2.04E-04 79% 5.54E-05 21% 760 10.5 3.71E-13 31.4943 1.43E-09 too low ppt./high flow rate
Ti040 1403 1676 47 1.70E-05 18% 5.45E-05 57% 2.49E-05 26% 760 19.9 2.47E-12 13.2698 2.56E-08 H2O pump not working properly
Ti048 1400 1673 71 --- 0% 1.34E-04 85% 2.40E-05 15% 745 35.5 2.90E-12 22.0747 1.80E-08 sample spilled  in CHM lab
Ti049 1401 1674 46 --- 0% 7.11E-05 75% 2.34E-05 25% 755 26.3 3.32E-12 13.0639 3.49E-08 leak
Ti053 1401 1674 70 --- 0% 9.37E-05 80% 2.29E-05 20% 746 28.6 2.37E-12 16.3152 1.99E-08 TC failed
Ti054 1203 1476 113 --- 0% 5.02E-05 68% 2.35E-05 32% 746 5.2 2.67E-13 9.0956 3.55E-09 too low flow rate & ppt.
Ti056 1200 1473 137 --- 0% 5.04E-05 25% 1.54E-04 75% 750 38.5 1.63E-12 25.0216 7.87E-09 exhaust H2O overflowed
Ti059 1300 1573 49 --- 0% 4.01E-05 20% 1.59E-04 80% 745 46.7 5.53E-12 26.2042 1.53E-08 H2O hosing failed
Ti060 1302 1575 73 3.381E-05 17% 1.01E-04 51% 6.51E-05 32% 754 22.6 1.80E-12 26.0947 8.89E-09 leak
Ti061 1301 1574 24 --- 0% 4.04E-05 21% 1.48E-04 79% 750 23.6 5.70E-12 24.5913 1.68E-08 leak
Ti065 1302 1575 18 8.44E-05 50% 4.39E-05 26% 4.00E-05 24% 753 9.5 3.06E-12 21.9541 1.80E-08 leak, too low ppt.
Ti069 1200 1473 90 1.04E-04 66% --- 0% 5.29E-05 34% 750 12.8 4.79E-13 19.2513 3.01E-09 post H2O calibration varied
Ti078 1299 1572 39.4 6.42E-05 34% 3.38E-05 18% 9.11E-05 48% 754 42.7 6.29E-12 24.5899 3.30E-08 ran out of Ar
O2 gas flow rate H2O flow rate
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 C. 95% confidence interval calculations (Microsoft Excel) for 1400°C 
data points as shown in Figure 19 
 
Title: Ti-OH volatility uncertainty for 1400C all data points
this worksheet calculates confidence interval for slope of a line
insert xi, yi, N-p, t, title
N=number of points N-p t from table for N-p
p=number of parameters to be fit 2 2.093
xi (log PH2O) xi - xave (xi - xave)^2 yi (log PTi-O-H) yhat (yi-yhat) (yi-yhat)2
-1.139 -0.643 0.414 -7.719 -7.822 1.03E-01 1.06E-02
-1.122 -0.625 0.391 -7.727 -7.805 7.78E-02 6.06E-03
-0.839 -0.343 0.118 -7.948 -7.530 -4.19E-01 1.75E-01
-0.789 -0.293 0.086 -7.416 -7.481 6.47E-02 4.18E-03
-0.707 -0.211 0.044 -7.373 -7.401 2.83E-02 8.00E-04
-0.614 -0.211 0.044 -7.227 -7.401 1.74E-01 3.04E-02
-0.492 -0.118 0.014 -7.443 -7.310 -1.33E-01 1.76E-02
-0.488 0.004 0.000 -7.179 -7.191 1.22E-02 1.48E-04
-0.480 0.008 0.000 -7.221 -7.188 -3.27E-02 1.07E-03
-0.484 0.017 0.000 -7.118 -7.180 6.18E-02 3.81E-03
-0.484 0.012 0.000 -7.108 -7.184 7.65E-02 5.85E-03
-0.487 0.012 0.000 -7.067 -7.184 1.17E-01 1.37E-02
-0.456 0.009 0.000 -7.061 -7.186 1.26E-01 1.58E-02
-0.453 0.040 0.002 -7.138 -7.157 1.81E-02 3.29E-04
-0.313 0.043 0.002 -6.933 -7.153 2.20E-01 4.84E-02
-0.258 0.183 0.034 -7.249 -7.017 -2.32E-01 5.37E-02
-0.259 0.238 0.057 -6.887 -6.964 7.71E-02 5.95E-03
-0.155 0.238 0.056 -6.792 -6.964 1.73E-01 2.98E-02
-0.140 0.341 0.116 -6.788 -6.864 7.60E-02 5.78E-03
-0.139 0.356 0.127 -6.938 -6.849 -8.95E-02 8.01E-03
-0.122 0.357 0.128 -6.777 -6.848 7.08E-02 5.01E-03
xave sum(xi-xave)^2 sum(yi-yhat)2
-0.496 1.632 4.42E-01
slope= 0.974 S ydotx
intercept= -6.713 0.470
95% confidence interval = t(0.975,N-p) (S ydotx) sqrt (1/sum(xi-xave)^2)










 D. 95% confidence interval calculations (Microsoft Excel) for 1300°C 
data points as shown in Figure 21 
 
Title: Ti-OH volatility uncertainty for 1300C all data pts
this worksheet calculates confidence interval for slope of a line
insert xi, yi, N-p, t, title
N=number of points N-p t from table for N-p
p=number of parameters to be fit 2 2.120
xi (log PH2O) xi - xave (xi - xave)^2 yi (log PTi-O-H) yhat (yi-yhat) (yi-yhat)2
-1.039 -0.465 0.217 -8.131 -8.268 1.38E-01 1.89E-02
-0.988 -0.414 0.171 -8.227 -8.222 -4.97E-03 2.47E-05
-0.787 -0.213 0.045 -8.020 -8.041 2.15E-02 4.62E-04
-0.726 -0.152 0.023 -7.984 -7.986 2.19E-03 4.81E-06
-0.623 -0.050 0.002 -8.016 -7.894 -1.22E-01 1.49E-02
-0.629 -0.055 0.003 -8.012 -7.899 -1.14E-01 1.29E-02
-0.621 -0.047 0.002 -7.920 -7.892 -2.76E-02 7.64E-04
-0.623 -0.049 0.002 -7.880 -7.894 1.32E-02 1.75E-04
-0.616 -0.042 0.002 -7.874 -7.888 1.34E-02 1.79E-04
-0.615 -0.042 0.002 -7.863 -7.887 2.42E-02 5.88E-04
-0.476 0.098 0.010 -7.946 -7.762 -1.84E-01 3.39E-02
-0.466 0.108 0.012 -7.699 -7.752 5.32E-02 2.83E-03
-0.461 0.112 0.013 -7.698 -7.748 5.04E-02 2.54E-03
-0.461 0.113 0.013 -7.755 -7.748 -7.53E-03 5.67E-05
-0.454 0.120 0.014 -7.696 -7.742 4.58E-02 2.10E-03
-0.405 0.168 0.028 -7.771 -7.698 -7.27E-02 5.28E-03
-0.184 0.390 0.152 -7.420 -7.499 7.88E-02 6.21E-03
-0.153 0.421 0.177 -7.378 -7.471 9.26E-02 8.57E-03
xave sum(xi-xave)^2 sum(yi-yhat)2
-0.574 0.889 1.10E-01
slope= 0.900 S ydotx
intercept= -7.333 0.234999417
95% confidence interval = t(0.975,N-p) (S ydotx) sqrt (1/sum(xi-xave)^2)
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